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Pest resistance: Overall principles and implications on 
evolved herbicide resistance in Iowa
Micheal D.K. Owen, University professor, associate chair and Extension weed specialist,  
Agronomy, Iowa State University
“And this, perhaps, might have been anticipated: for, as varieties, in order to become in any degree permanent, necessarily 
have to struggle with the other inhabitants of the country, the species which are already dominant will be the most likely to 
yield offspring which, though in some slight degree modified, will still inherit those advantages that enabled their parents to 
become dominant over their compatriots.”  
– Darwin, 1859
Introduction
The universal truths of the survival of the fittest and the inevitability that organisms will adapt to whatever 
environmental factors they encounter have been the most important management considerations to achieving 
success in agronomic endeavors since mankind transitioned from a hunter/gatherer existence to the agrarian society 
that has existed for more than six millennia. Predictions of the evolutionary adaptation of pests to the environment 
in which they exist were made more than 150 years ago (Darwin, 1859). More recent discussions about selective 
adaption or evolved resistance in pests were published as early as 1914 for insects, 1914 for diseases and 1950 
for weeds, although the author suggests that earlier citations are undoubtedly available (Blackman, 1950; Jones, 
1914; Melander, 1914). Natural selection and evolutionary adaptation will prevail and while there are evolutionary 
optimization models that provide insight into biological adaptations, it appears that the use of this knowledge has 
not resolved the agronomic problems to any great degree (Parker and Smith, 1990). 
Unfortunately, there appears to be another universal truth that suggests that agriculture will not address pest 
adaptation (evolution) until the issues have gotten almost completely “out of hand” and are increasingly of great 
economic importance. Agricultural scientists and evolutionary biologists have attempted to join together and 
investigate an essential question about the success of future food production; are there strategies that can anticipate 
and manage to a degree, pest evolutionary responses (Gould, 1991). It is suggested that the correct answer to this 
question is a qualified yes. Indeed, pest responses to selection pressure can be anticipated but the strategies needed 
to resolve these adaptations are typically not effectively employed. 
There are a number of reasons that agriculture has thus far been negligent in managing the inevitable evolution 
of pest resistances. Interestingly, most of the reasons appear to be other than biological considerations but rather 
reflect socio-economic aspects of modern agriculture (Mortensen et al., 2012). In most cases, when resistance 
in an important pest complex is scientifically announced, the industry as well as many growers and commodity 
associations first deny the existence of the resistant pests, minimize the importance of the discovery by indicating 
the resistance is only an isolated event, and then criticize the scientist announcing the new pest resistance. By the 
time the validity of the pest resistance is accepted, the spread of the pest resistance complex is such that effective 
management is no longer a simple or inexpensive prospect.
Perhaps the most recent and glaring example of agriculture’s inability, or perhaps better said, unwillingness to 
address the inevitability of pest resistance evolution is the recurrent issues of glyphosate resistance in weeds (Owen 
et al., 2011). However, there are other important examples of organisms adapting to agricultural practices. For 
example, soil microorganisms adapted to the recurrent use of the thiocarbamate herbicides causing the rapid 
degradation of these herbicides resulting in this herbicide family becoming of little value in Midwest agriculture 
(Obrigawitch et al., 1983).
Evolution of resistance in insects
The evolution of resistance to insecticides has long been a problem and apparently was a topic of discussion soon 
after chemical insecticides were introduced (Melander, 1914). DDT has been extensively studied as well as other 
insecticides and it is clear the evolved insecticide resistance is the result of powerful selection from the toxicant 
(Crow, 1957). One of the most important insect complex that demonstrates adaption to agriculture is the corn 
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rootworms (Diabrotica spp. [Coleoptera: Chrysomelidae]. For example, Western corn rootworm (Diabrotica virgifera 
virgifera) evolved resistance to the carbamate and organophosphate insecticides (Meinke et al., 1998). Recently, 
populations of Western corn rootworm evolved resistance to the Bacillus thuringiensis (Bt) Cry3Bb1 toxin in 
genetically engineered corn (Gassmann et al., 2011). These resistances were reported to be unlikely by the industry 
yet history suggested that these problems were likely to evolve. 
To further illustrate the evolutionary capabilities of the corn rootworm complex, Northern corn rootworm (D. 
barberi) biotypes adapted to the crop rotation patterns that an supposed to be an important component of corn 
rootworm management (French et al., 2012; Geisert and Meinke, 2013; Krysan et al., 1984). Typical corn rootworm 
phenology is to lay eggs in the corn and hatch the following year. Rotation from corn to soybean (host to non-host) 
is supposed to disrupt the success of the corn rootworm larvae as they are not able to feed on the soybean roots. 
However corn rootworm problems in a corn/soybean rotation were identified suggesting that the pest had evolved to 
overcome the selection pressures imposed by the crop rotation sequence (Chiang, 1965). The trait for the extended 
diapause is highly heritable and dominant (French et al., 2012). It is interesting, albeit not surprising that the corn 
rootworm complex has a very similar phenotype when compared to weeds. Clearly, this phenotype contributes to 
the ability to evolve traits that provide resistance to the agronomic and chemical tactics used to manage the pest.
Evolution of resistance in diseases
Chemicals that functioned as fungistats have been in use since the 17th century and included salt, lime copper 
sulfate and copper hydroxide (Morton and Staub, 2008). Modern fungicide development dates from approximately 
1940 to the present and numerous problems have evolved with the widespread use of systemic and site-specific 
fungicides after the 1960s (van den Bosch and Gilligan, 2008). As with other evolved pest resistances, similar 
biological parameters (e.g., pathogen life-cycle, population density) and chemical/management considerations 
(e.g., dose, efficacy, frequency of use, spatial and temporal usage) impacted the evolution and spread of fungicide 
resistance in pathogenic organisms (van den Bosch and Gilligan, 2008). Evolved resistance to benomyl in Venturia 
inaequalis on apple seedlings is but one example of widespread modern fungicide resistance (McGee and Zuck, 
1980). 
The strobilurin fungicides became commercially available in 1996 and are suggested to represent one of the 
most important groups of fungicide chemistry (Bartlett et al., 2002). Resistance to strobilurin fungicides was first 
identified in cereals in 1998 and has continued to spread. Given the current prophylactic use practices of fungicides 
in Midwest crop production, it is inevitable that pathogen resistances to fungicides will evolve and compromise the 
utility of these pesticides.
Evolution of resistance in weeds
The first Fernhurst Lecture to the Royal Society of Arts in 1950 was dedicated to the selective toxicity of 
“weedkillers” and addressed the likelihood of evolved resistance in weeds to these pesticides (Blackman, 1950). 
Baker described how and why weeds can adapt to specific environments and crop production systems which 
provides some insight into the genetic diversity of weeds that contributes to their success in agriculture (Baker, 
1974; Baker, 1991). Gressel and Segel (1978) modeled the evolution of herbicide resistance in weeds and described 
the implications of the selection of weeds for herbicide resistance (Gressel, 1986; Gressel and Segel, 1978). All of 
these scientists provided a clear picture of why weeds are successful in agronomic systems and why agronomists 
must consider the adaptability and diversity of weeds if effective management is to be maintained. Unfortunately, 
it is clear that agriculture has not profited from these astute descriptions and predictions with regard to adaptation 
and evolved herbicide resistance and has continued to follow a course of action that inevitably resulted in escalating 
problems controlling weeds. Currently, there are 404 unique cases of herbicide-resistant weed biotypes reported 
globally (Heap, 2013). These biotypes occur in 220 weed species which are represented by 130 dicot and 90 
monocot species. Resistance has evolved to 21 of 25 known herbicide sites of action and is increasing globally at an 
increasing rate (Heap, 2013).
Weeds demonstrate several general types of adaptation or mimicry (e.g., morphological and biochemical) to 
selection pressures inherent from agricultural practices; ability to adapt ensures the success of weeds in specific 
agricultural systems. In fact, some weed biotypes evolve (specialize) to the point that they can only exist within the 
specific agricultural system that selected for the adaptive trait(s) (Sinskaia and Beztuzheva, 1930). As an example, 
morphological adaption within a weed species can assume several different but heritable phenotypes. Barnyard 
grass (Eriochloa crus-galli) in California rice (Oryza sativa) production systems evolved three heritable biotypes; one 
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biotype germinates relatively late and is thus adapted to survive paddy flooding, one biotype matures early and 
seeds shatter prior to harvest thus allowing this biotype to remain as an important weed within specific rice fields, 
and a biotype that does not demonstrate seed shattering thus allowing the seeds to be mechanically harvested 
and transported long distances (Barrett and Seaman, 1980). Each of these barnyard grass biotypes has evolved 
adaptations to specific rice production practices and increases their success of survival.
In rice production systems in India, wild rice (Oryza sativa) became an increasingly important weed, in part because 
of a seedling phenotype that evolved which was indistinguishable from cultivated rice seedlings. Given that weed 
management in rice grown in India was primarily by hand-weeding, this wild rice phenotype mimic could not be 
distinguished from the crop and thus caused significant yield losses attributable to reduce crop population stands 
(rice seedlings were mistakenly weeded) or was not removed from the fields again attributable to mimicking the 
crop. India rice yields were reduced up to 50% as a result of this phenotypic mimicry (Dave, 1943). Plant breeders, 
in an attempt to make hand-weeding more effective, activated a gene in the rice cultivars that controlled the 
biosynthesis of anthocyanin, a reddish-purple plant pigment, which allowed growers to distinguish between the 
weed and the crop and thus improved the efficiency of hand-weeding. The strategy worked well only for a few years 
as the wild rice adapted by evolving the same pigment (Dave, 1943).
The other form of weed mimicry is biochemically-based and biochemical mimicry can occur in a number of forms. 
Weeds may evolved mutations at the herbicide target-site enzyme, evolve enhanced ability to metabolize the 
herbicide, impair the uptake and translocation of the herbicide or may sequester the herbicide thus limiting the 
amount of the product available to provide effective control of the target weed. These biochemical strategies and 
more were predicted for glyphosate as early as 1996 (Gressel, 1996). 
A specific biochemical mimicry has become perhaps the most serious pest problem facing global agriculture. 
Specifically, evolved resistance in important weed species to glyphosate has become a major economic issue and is 
indirectly attributable to the unprecedented adoption of genetically-engineered (GE) glyphosate-resistant (GR) crops 
and the resultant diminished diversity of weed management tactics (Mortensen et al., 2012; Owen, 2008). 
However, there are other examples of widespread evolved herbicide resistance in weeds that preceded the current 
glyphosate resistance issues (Gressel and Segel, 1978; LeBaron, 2008; Tranel and Wright, 2002). Evolved resistance 
to Group 2 herbicides was widespread and preceded glyphosate resistance; in fact concerns about ALS inhibitor 
herbicide resistance supported that adoption of the GR crops and concerns about Group 2 herbicide resistance 
diminished with the commercial availability of GR corn, cotton and soybean (Tranel and Wright, 2002). Prior to 
Group 2 resistance, Group 5 resistance, primarily to atrazine, was a concern but the introduction of the Group 
2 herbicides provided at least a partial solution to that widespread problem (LeBaron, 1991). Historically, new 
technologies have become available to resolve issues to older technologies. Unfortunately, there are no new 
technological solutions similar to glyphosate-based systems to resolve the current glyphosate-resistant problems as 
the new technologies themselves have specific concerns and problems.
Herbicide resistant weeds in Iowa
Weed population collections have been completed for 2011, 2012 and 2013 and are currently being processed 
for herbicide resistance in a project supported by the Iowa Soybean Association. Approximately 700 waterhemp 
(Amaranthus tuberculatus), horseweed/marestail (Conyza canadensis), and giant ragweed (Ambrosia trifida) weed 
populations were sampled across Iowa. Most Iowa Crop Reporting Districts (CRD) were well represented in these 
collections with the exception of the East Central CRD (Figure 1). An important consideration for the 2011 and 
2012 collections was that the field sites were not selected randomly and in fact likely represent a worst case scenario 
with regard to weed populations with evolved resistance to herbicides. Thus, the lack of random selection precluded 
any ability to make an assessment about the relative frequency of herbicide resistance in Iowa soybean fields. In 
order to resolve this problem, 2013 weed population were collected from fields selected randomly across Iowa based 
on reported CRD soybean acres.
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Figure 1. Weed populations collected in 2011, 2012, and 2013 by Iowa Crop Reporting District. Project supported by 
the Iowa Soybean Association.
The key factors for fields to be included in the 2011 and 2012 weed population collections were whether or not 
the fields 1) were planted to soybean and 2) if there were weeds visible above the soybean canopy. If these criteria 
were fulfilled, the inclusionary probability of 1 was assigned to the field and the weed population was collected 
and assessed for evolved herbicide resistance(s). Fields in 2011 and 2012 that did not meet these criteria were 
assigned an inclusionary probability of 0 and were not included in the collections. Thus, a procedure was used in 
2013 to estimate the percentage of all available Iowa soybean fields in 2011 and 2012 that were included in the 
weed population collections, relative to those fields with an inclusionary probability of 1 and from this statistic, an 
estimate of herbicide resistance for all soybean fields could be developed. 
It was arbitrarily decided that the margin of error for the estimate of all soybean fields with herbicide resistance that 
was acceptable in these calculations was 5% which provided acceptable precision of herbicide resistance estimates 
but also accommodated logistical concerns; based on the statistical calculations, 400 fields should be visited in 2013 
and the inclusionary probability determined; if the fields were not planted to soybeans and had weeds visible above 
the soybean canopy, they were not included. The number of fields per CRD that needed to be sampled to support 
a 5% margin of error was calculated based on the 2011 soybean acres; using 2011 soybean data provided the best 
opportunity for selecting fields that were likely to be planted again to soybean in 2013. The Iowa State University 
GIS Laboratory provided the GPS field locations based on 2011 soybean planted acres information and selected 399 
fields of 100 acres or larger randomly (Figure 2). 
Approximately 98% of the 399 randomly selected fields were visited during the 2013 weed population 
collections. The first criteria for the inclusionary probability was whether or not the field was planted 
to soybeans and 79% of the fields visited were soybean fields (Table 1). Weeds visible above the canopy 
was the second criteria needed to achieve an inclusionary probability of 1; 69% of the fields visited 
that met the first criteria also met the second criteria and had weeds visible above the soybean canopy 
and in 56% of these fields, weed seeds were sampled for assessment of herbicide resistance(s) (Table 
1). The percent of fields with weeds visible above the soybean canopy was used to estimate the overall 
herbicide resistance(s) in Iowa soybean fields based on the 2011 weed seed collections processed thus far. 
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Figure 2. Randomly selected field locations for the 2013 weed population collections. Project supported by the Iowa 
Soybean Association.
Table 1. Description of 2013 weed population collections by Crop Reporting District. Project supported by the Iowa 
Soybean Association.
Crop Reporting District SE SC SW EC C WC NE NC NW Total
Total soybean acres in 2012 (x1000) 763 618 961 890 1,293 1,397 734 1,172 1,522 9,350
Total sites selected 33 26 41 38 55 60 31 50 65 399
Total sites visited 33 28 39 35 54 59 30 50 65 393
Total sites, soybeans 26 18 32 24 49 49 21 38 54 311
Total sites, weeds above canopy 22 11 26 14 41 34 17 18 29 212
Total sites with seed collections 12 5 12 5 17 25 6 12 24 118
The weed populations collected in 2011, 2012 and 2013 have been or will be screened for resistance to Group 2, 
5, 9, 14 and 27 herbicides; the greenhouse evaluations of the 2011 waterhemp populations is about completed. 
The 2012 and 2013 collections as well as the 2011 populations of giant ragweed and horseweed/marestail will be 
conducted in the near future, either using the screening techniques used for the 2011 waterhemp or with a more 
efficient technique currently under development. 
The levels of herbicide resistance(s) detected in the 2011 waterhemp collections are surprisingly high (Figure 3). 
Group 2 resistance was detected in 97% of the populations assessed for the 1x Group 2 herbicide (imazethapyr) 
rate and 92% at the 4x rate. Group 5 (atrazine) resistance for the 2011 waterhemp populations sampled was 69% 
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for both 1X and 4X while Group 9 (glyphosate) resistance was 65% and 34% of the waterhemp populations for the 
1X and 4X rates, respectfully. Group 14 (lactofen) resistance was 16% and 13% for the 1X and 4X rates, respectively 
and Group 27 (mesotrione) resistance was detected in 37% of the waterhemp populations at the 1X rate and 7% at 
the 4X rate (Figure 3). All herbicides were applied postemergence to waterhemp plants in the greenhouse that were 
3 to 4 inches in height. 
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Figure 3. Assessment of herbicide resistance in 2011 waterhemp populations. Project supported by the Iowa Soybean 
Association.
While these values for herbicide resistance demonstrated by the 2011 weed populations were not from randomly 
selected field, using the statistics from the randomly selected 2013 fields and the inclusionary probability, an 
estimate of the percentage of the Iowa soybean fields that have herbicide resistant waterhemp populations can be 
made. Based on the statistical assessment of the inclusionary probability at the 95% confidence limit, Iowa fields are 
likely to have “weeds visible above the canopy of soybean fields” 65% to 74% of the time and thus could be selected 
for an assessment herbicide resistance(s) (Table 2)(Philip Dixon, personal communication). It could be argued that 
this range of “weeds visible above the soybean canopy” might be low; consider that growers may have employed 
more diverse and thus more effective weed management practices in 2013 due to previously observed “weeds 
visible above the soybean canopy” which could be putatively herbicide resistant. These fields with effective weed 
management would not be included in the survey based on the failure to meet the inclusionary probability of 1.
Applying these statistics for the percentage of fields with “weeds visible above the soybean canopy” to the 2011 
waterhemp collections and extrapolating this to estimate the herbicide resistance(s) for Iowa soybean fields, the 
Group 2 resistance for the 1X application rate is estimated to be present on 62% to 77% of Iowa soybean fields, 
Group 5 resistance on 44% to 51%, Group 9 resistance on 42% to 48%, Group 14 resistance on 10% to 12% and 
Group 27 resistance on 24% to 27% of the Iowa soybean fields (Figure 3 and Table 2). 
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Table 2. Statistical assessment of the probability at the 95% confidence limit for weeds above the soybean canopy. 
Project supported by the Iowa Soybean Association.
Weeds 
visible
Frequency Weighted 
Frequency
Std Dev of 
Wgt Freq
Percent Std Err of 
Percent
95% Confidence Limits 
for Percent
No 93 10.34536 0.84683 30.6831 2.5116 25.7401 35.6261
Yes 210 23.37143 0.84683 69.3169 2.5116 64.3739 74.2599
Total 303 33.71679 1.74805E-8 100.000
All of the 2011 waterhemp populations were evaluated for evolved resistance to five herbicide groups and the 
assessments demonstrated that multiple herbicide resistance was found in 88% of the populations evaluated 
(Figure 4). This value represents an estimated 56% to 65% of the Iowa soybean fields that likely have waterhemp 
populations with multiple herbicide resistances based on the statistic generated from the randomly selected 2013 
fields (Table2). Only 2% of the 2011 waterhemp populations evaluated did not demonstrate any herbicide resistance 
(Figure 4).
Figure 4. Multiple herbicide resistances in 2011 Iowa waterhemp populations. Project supported by the Iowa 
Soybean Association.
The most common multiple herbicide resistance was 3-way and was detected in 33% of the 2011 waterhemp 
populations evaluated. Between 21% and 24% of Iowa soybean fields based on the 2013 statistical program, are 
suggested to have waterhemp populations with 3-way herbicide resistance; the most common 3-way herbicide 
resistance is for Group 2, 5, and 9 herbicides (Table 2 and Figure 5). 
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Figure 5. Assessment of herbicide resistance combinations in 2011 Iowa waterhemp populations. Project supported 
by the Iowa Soybean Association.
Ten percent of the 2011 waterhemp populations evaluated demonstrated 5-way herbicide resistance and this 
problem is estimated to occur on 6% to 7% of Iowa soybean fields, again based on the 2013 random sample of fields 
with the inclusionary probability requirement of “weeds visible above the soybean canopy”.
Palmer amaranth
Iowa joined the “club” in late summer 2013 when Palmer amaranth was identified in Harrison County (see Hartzler, 
Palmer amanranth: ID, biology and management, at this conference) (Figure 6). Since the first field with Palmer 
amaranth, several other nearby fields and three other counties (e.g., Fremont, Page and Muscatine) now have 
verified infestations of Palmer amaranth. There is no reason to think that more locations with Palmer amaranth are 
not going to be discovered. Given the distribution of Palmer amaranth throughout the Midwest, Mississippi Delta, 
southeast and southwest, it is anticipated that this weed will be an increasing problem in Iowa (Figure 6). 
Herbicide-resistance in Iowa Palmer populations undoubtedly will follow soon. Whether or not Palmer amaranth 
and waterhemp will hybridize remains to be determined. However the Iowa Soybean Association is supporting 
research to determine if this is possible and to what extent hybridization occurs and the implications on the 
introgression of herbicide resistance genes from waterhemp to Palmer amaranth. Regardless of hybridization 
potential, any and all extraordinary efforts should be expended to keep Palmer amaranth infestations from 
establishing further in Iowa. 
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Figure 6. States with Palmer amaranth as an agronomic problem, 2013.
Conclusions
Given the tenets of evolutionary adaptation and the significant selection pressures imparted by agriculture on pest 
complexes, it should be no surprise that pest management is essentially a moving target. Unfortunately, biochemical 
mimicry within pest complexes occurs at a much faster rate than morphologically based mimicry. Also important is 
that fact that when biochemical adaptation (e.g., evolved pesticide resistance) within a species occurs, this trait will 
remain in the species even if management (e.g., a different pesticide) tactics change. Note that multiple herbicide 
resistances were detected in 88% of the 2011 waterhemp samples screened for resistance to five herbicide groups. In 
many of these waterhemp populations, the selection from Group 2 herbicides has not been imposed for a number of 
years, and the only tactic used for management was glyphosate.
The keys to addressing issues with pest adaptation is the reverse of what caused the evolutionary change; simple and 
recurrent tactics select quickly for traits in pests that overcome the tactic. Thus, increasing the diversity of tactics is 
essential. Recognize that there are no new strategies. For example, the same weed management practices that were 
developed and recommended more than thirty years ago are now being revisited (Baldwin and Santelmann, 1980; 
Norsworthy, 2013). Unless a more diverse crop production system is developed, pest evolution to pesticides will 
increase at an increasing rate.
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